For fish and aquatic amphibian larvae survival in acidic waters presents a significant 4 6 challenge with waters pH 5.0 and less inhibiting active Na + uptake, damaging gill epithelia, 4 7 and increasing diffusive efflux of electrolytes across the gills and integument (Ferreira and 4 8 Hill, 1982; Freda and Dunson, 1984; Freda et al., 1991; McDonald, 1983; Meyer et al., the acid acclimated larvae was not changed. Every half hour thereafter, larval survival was 1 4 1 assessed by prodding the larvae gently with a plastic pipette to determine whether they 1 4 2 exhibited the natural startle/escape response. Unresponsive larvae were removed from 1 4 3 beakers, blotted dry, weighed and analysed for tissue Na + content (below). After 24 hours, glass test tubes and dried to a constant mass at 95 o C and re-weighed. Tissue water 1 4 8 content (%) was determined by subtracting the larval dry mass from the wet mass. Dried 1 4 9 larvae were then dissolved in 3 mL of concentrated nitric acid. After three days, 1 mL of 1 5 0 digest was placed into an acid-washed plastic tube and eight mL of distilled water was then 1 5 1 added to the digest in test tube and the Na + concentration of diluted samples determined For acid naïve larvae, rates of Na + uptake (J in) , Na + efflux (J out ) and net Na + flux (J net ) 1 5 7
were measured at both their acclimation pH (6.5) and following acute exposure to pH 3.5 1 5 8 water. Na + fluxes were measured in acid acclimated larvae at their acclimation pH of 3.5 tadpole in grams and t in the time in hours. Na + influx (J in ) was calculated using the 1 7 5 equation:
where Q out0 and Q out1 are the total counts per minute in the flux chambers at the beginning 1 7 8 and end of the flux period, respectively; Q out is the average amount of Na + in the flux bath 1 7 9 during the flux period, m is the mass of the tadpole in grams and t is the time in hours. J out 1 8 0 (Na + efflux rate) was calculated as the difference between J net and J in . To investigate the role of Ca 2+ in controlling ionic efflux at low pH, the influence of 1 8 2 external calcium concentration on Na + efflux rates were compared in larvae reared at pH 1 8 3 6.5 and acutely exposed to pH 3.5 water and larvae reared and tested in pH 3.5 water. Using the protocol detailed above, external calcium concentrations were adjusted to 1 8 5 approximately twice and ten times the amount of Ca 2+ in ASW (i.e., with [Ca 2+ ] = 0.08 mmol 1 8 6 2 L -1 and 0.4 mmol L -1 ) in the flux chambers immediately prior to the reduction in chamber pH 1 8 7 and the addition of the radioisotope. Na + efflux rates were calculated as detailed above. Na + transport kinetics (affinity and maximum uptake rates) were assessed by 1 8 9 measuring the dependence of Na + uptake on environmental Na + concentrations in both 1 9 0 larvae reared at pH 6.5 and pH 3.5. All measurements were made at pH 6.5. Prior to 1 9 1 measurements, larvae were isolated overnight in glass beakers containing 200 mL ASW at 1 9 2 pH 6.5. The following morning, tadpoles were transferred to glass beakers with 50 mL 1 9 3 radio-labeled pH 6.5 ASW ( 22 NaCl: 15 kBq L -1 ) with Na + concentrations ranging from 0.05 1 9 4 mmol L -1 through to 3.5 mmol L -1 (the concentration of Na + was modified through the 1 9 5 omission or addition of NaCl from or to ASW). Five to seven larvae of each species were 1 9 6 exposed to each of five different sodium concentrations. After 1 h, tadpoles were removed 1 9 7 from beakers and rinsed in unlabeled pH 6.5 water for 1 min each. Thereafter tadpoles 1 9 8 were counted using a Packard gamma counter. The transport mechanism's affinity for Na + 1 9 9 (K m ), and maximum transport capacity, J max , were estimated using non-linear regression. The regression model for estimating these parameters was: Gills and integument of L. cooloolensis larvae reared from embryos at pH 6.5 and Thuringowa, QLD, Australia). Whole gills, gill arches and tail sections from acid naïve and 2 1 8 acid acclimated larvae (N = 3 for each group) were mounted on stubs and coated with gold The gross morphology of gill tufts and the integument was viewed using SEM and junctions, tight junction length, minimum width (the distance between adjacent cell 2 3 0 membranes within the tight junction) and maximum width (the distance between apposing Mean body Na + and water contents were compared using t-tests. Mean J net , J in and 2 3 8 J out of acid naïve and acid acclimated larvae at their acclimation pH and in acid naïve 2 3 9 larvae acutely exposed to pH 3.5 ASW were compared using one-way ANOVA and Sidak to compare mean J out at different calcium concentrations across acclimation treatments.
4 3
Where necessary, data were log or arcsine-square root transformed prior to analysis. For 2 4 4 the morphological variables, we sought to identify morphological differences between acid 2 4 5 naïve and acid acclimated larvae reflecting acclimation with chronic exposure to pH 3.5 soft 2 4 6
water. All morphological parameters were compared using MANOVA (α = 0.05). Unless Acid naïve L. cooloolensis larvae acutely exposed to pH 3.5 water suffered 20% naïve larvae acutely exposed to pH 3.5 water was significantly lower than that of larvae Dark-staining MR cells, which were few in number, were packed with mitochondria and 3 0 5
contained few mucus secretory vesicles. The thickness of the gill tuft epithelium and gill tuft 3 0 6
proportions (thickness and relative length) were similar in both acid naïve and acid 3 0 7 acclimated larvae.
3 0 8
The epidermis of L. cooloolensis larvae consisted of a double layer of flattened 3 0 9 squamous epithelial cells above a basal lamina (Fig. 2g ). The apical membrane of cells in 3 1 0 the outer epidermis was amplified with microridges (pavement cells) and microvilli and, in 3 1 1 some cases, cilia as well ( Fig. 2h ). Epidermal cells were held together by desmosomes and 3 1 2 tight junctions ( Fig. 2i ). Cells of the basal layer were attached to the basal lamina by half-3 1 3 desmosomes ( Fig. 2j ). Cells of the outer layer contained numerous mucus secretory 3 1 4 vesicles ( Fig. 2k ). Electron-dense mucus released from these vesicles adhered to the 3 1 5
apical surface of cells. Branchial tight junction length and total branchial junction lengths were significantly 3 1 7
greater (35% and 20% greater, respectively) in acid acclimated larvae relative to acid naïve 3 1 8 larvae ( Table 2) . Minimum width and maximum width were also greater (20 %) in acid Mucus secretion rates appeared to be significantly greater in both the gills and integument 3 2 2 of acid-acclimated larvae (Table 3) . Electron-dense mucus released from mucus secretory 3 2 3 vesicles adhered to the apical surface of cells (Fig 4d) . MSV density, total MSV cross- section area and the number of patent mucus vesicles were all much higher in acid MSVs at the gill surface was over three times that of acid naïve larvae. larval mortality in most other species (see Freda, 1986; Rowe and Freda, 2000) . The inherent species-specific traits and physiological plasticity. 50% of their body Na + died. While the average body sodium content of larvae reared at pH 3 5 0 3.5 was lower than that of larvae maintained at pH 6.5, flux data indicate no net loss of 3 5 1
body Na + at this pH, with acid acclimated animals able to resist inhibition of Na + uptake at 3 5 2 2 pH 3.5 (unlike acid naïve larvae which suffered significant inhibition of Na + uptake at pH 3 5 3 3.5).
3 5 4
In more acid-sensitive amphibians species like Litoria fallax, larvae exposed to pH 3 5 5
3.5 water experience not only inhibition of Na + uptake but also increased Na + efflux,
resulting in a greater net loss of body Na + (Meyer et al., 2010) . In these species, the net 3 5 7 loss of body Na + can significantly disrupt ionic homeostasis causing larvae to die (see, e.g., regulation of both Na + efflux and uptake rates, such that ionic homeostasis is maintained.
Acute exposure of acid-sensitive amphibian larvae to low pH water exacerbates rates of larvae acutely and chronically exposed to pH 3.5 water suggest that the functional integrity Dunson , 1984; Freda et al., 1991; McDonald, 1983; Meyer et al., 2010) . In this case, 3 6 9 resistance of L. cooloolensis larvae to increased Na + efflux at low pH is not obviously Differences between these species (in regards to their ability to resist increased Na + efflux having been shown to correlate with a decrease in Na + efflux during low pH exposure in proteins also accompany acclimation/adaptation to low pH in L. cooloolensis larvae. , 1998; Matsuo and Val, 2002; McWilliams, 1983 ; see also review by Walker facilitation of ion/water transport (Handy et al., 1989; Shephard, 1981; Shephard, 1982) , as of epithelial cells (Holma, 1985; Phillipson et al., 2008; Stith, 1984a; Stith, 1984b) . Other al., 1989) and also promoting Na + uptake (Stith, 1984a; Stith, 1984b) . The diffusion of low-4 1 7 charge ions, like monovalent electrolytes, through the mucosal unstirred layer is many 4 1 8 cases similar to that through normal saline indicating that mucus is not a major obstruction 4 1 9
to the effective uptake of these ions (Handy and Maunder, 2010) . However, there is some 4 2 0 evidence to suggest that the mucus layer may increase the oxygen diffusion distance 4 2 1 thereby limiting the capacity of tissues to effectively uptake oxygen (Saldena et al., 2000) . Whether this translates into an increased cost of living at low pH in terms of growth rates or 4 2 3 energy use, remains to be determined for acid water specialists like L. cooloolensis larvae. requires that both Na + loss and Na + uptake rates be controlled. Unlike L. fallax larvae, 2 Maintenance of Na + uptake in acid-acclimated L. cooloolensis larvae appears to 4 4 9 have been accomplished by an increase in maximum Na + transport capacity, due most 4 5 0 likely to an increase in the number of open Na + channels in the cell (as opposed to an 4 5 1 increase in the affinity of channels for Na + which would have lowered K m ). As with L.
4 5 2 cooloolensis larvae, the ability of many acidophilic fish to maintain Na + uptake at low pH 4 5 3 also appears attributable to increased capacity for Na + transport, in addition to a high ENaC P o and, therefore, Na + uptake capacity (Wichmann et al., 2019) . The capacity to 4 6 5 acclimate ion uptake rates to low pH with prolonged exposure suggests that this system is 4 6 6
highly plastic which allows animals to match ion uptake requirement to the prevailing 4 6 7 environment. Our findings are also consistent with several studies showing that acid- fish species (Gonzalez and Dunson, 1989a; Gonzalez and Dunson, 1989c) . The capacity 4 7 0
to manage intracellular acidification could be a major factor underpinning acclimation and 4 7 1 2 adaptation to low pH environments in L. cooloolensis larvae, however further work to 4 7 2 describe the molecular basis for Na + and H + ion transport in amphibian larvae is required. includes a high capacity for branchial Na + uptake, tighter apposition of epithelial cells of the 4 7 7 gills and integument, and greater mucus production and secretion at the gills and body tolerance of Ion-poor, acidic waters in the neon tetra (Paracheirodon innesi).
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